The neural basis of language switching, especially endogenous language control, remains largely unclear. We used a cue-stimulus paradigm and measured behavioral indices and scalp event-related potentials to investigate the endogenous control of switching between Chinese and English. In the experiment, unbalanced Chinese (L1) -English (L2) speakers named pictures in L1 or L2 according to an auditory cue presented 700 ms (cue-stimulus interval) before the picture onset. The reaction time (RT) was longer in the switch condition and the switch cost (difference of RTs between switch and repeat conditions) of L1 (L2→L1) was greater than L2 (L1→L2). P2 component elicited by the cue onset showed the neural switch cost of L1 at the frontocentral regions, with a leftward distribution, but not the switch cost of L2. The greater switch cost of L1 in behavioral responses and neural activity suggests that the frontocentral areas play an important role in endogenous language control, and switching back to the native language might require more endogenous control.
INTRODUCTION
Bilinguals switch fl exibly between the native language (L1) and the second language (L2) during speech production.
A common method to investigate the question of how they switch between languages is a language-switching paradigm, in which participants use the same (repeat) or different (switch) languages in two consecutive trials.
Usually, the reaction time (RT) in the switch condition is longer than that in the repeat condition and the difference of RTs is called the "switch cost". This is explained by the inhibitory control model, which proposes that bilinguals inhibit one language to use the other [1] .
Based on the inhibitory control model, Meuter and Allport [2] extended the inhibition hypothesis by integrating task-set inertia [3] . They proposed that the amount of inhibition depends on the relative language dominance:
that inhibition of L1 (stronger task) is stronger than that of L2. Besides, the inhibition of the non-target language carries on to the next trial, therefore unequal strengths of inhibition of the two languages need unequal efforts to overcome the inhibition, leading to asymmetric switch costs. Asymmetric switch costs have been replicated in numerous language-switching studies [4] [5] [6] [7] . In addition to language-switching studies, asymmetric switch costs have also been found in switching between tasks with different levels of diffi culty. Waszak, Hommel, and Allport [8] reported asymmetric switch costs when switching between tasks using previously exposed and unexposed stimuli. The previously exposed stimuli made the task easier. They proposed that the asymmetric switch costs in their study were due to the relative task diffi culty. Furthermore, these results suggested that switching between L1 and L2 might be similar to switching between tasks of unequal diffi culty.
Importantly, task-switching studies often distinguish involuntary processes) control [9] . However, very few studies have distinguished between these two types of control during language switching [4, 6, 7] . Costa and Santesteban [4] found that the switch cost decreased as the interval between cue and stimulus increased in highly-proficient bilinguals, and Verhoef et al. [6] found that asymmetric switch costs became symmetric with enough preparation time in unbalanced bilinguals. These studies suggested a role of endogenous control during language switching.
In addition to the above behavioral results, Verhoef et al. [7] separated endogenous from exogenous control and measured scalp activity. The scalp activity after the cue showed early posterior negativity when switching to L2
and late anterior negativity when switching to L1 and L2, suggesting that the neural basis of endogenous language control depends on the direction of language switching.
As no study has investigated the neural basis of endogenous control when switching between alphabetic and logographic languages, and since many Chinese are trying to learn English (potential Chinese-English bilinguals), understanding the neural mechanism of language switching in Chinese-English bilinguals would benefi t a large population.
Previous research has shown differences in processing alphabetic and logographic languages [10] [11] [12] [13] . Besides, language-switching studies on the difference between Spanish-English and Chinese-English switching showed that the right dorsolateral prefrontal cortex is involved in the former [14] and the bilateral frontal area and left ACC (anterior cingulate area) are involved in the latter [5] . For these reasons, it would be valuable to investigate the neural basis of endogenous control during Chinese-English switching.
We used a cue-stimulus paradigm to investigate the neural basis of endogenous control in Chinese-English switching. Since a long-duration cue (e.g. 250 ms) might mix the neural responses of cue processing with those of target processing, and the auditory and visual systems may use separate attention mechanisms [15, 16] (though this remains controversial), an auditory stimulus of short duration served as the cue for language in this study, to minimize interference by the presence of the cue;
the behavioral responses and cue-related event-related potentiats (ERPs) were measured. The target regions were: midline sites (frontal and parietal) due to their roles in task switching [17, 18] and frontocentral regions due to their roles in language switching. Participants also self-rated their language profi ciency using a 5-point scale (1-'very nonprofi cient', 5-'very profi cient') in four aspects: listening, speaking, reading, and writing.
PARTICIPANTS AND METHODS

Participants
T-tests showed that the participants were more profi cient in International Picture Naming Project database [19] . Before the main experiment, each participant named each picture both in Chinese and English on paper without time pressure and was taught the correct name in the case of an error. In addition, based on prior correct naming, the participants practiced 2-3 blocks until the naming accuracy was >95%. Since the participants were unbalanced bilingual speakers, it was possible that the task difficulty of naming in L1 or L2 were different. Importantly, it has been shown that the relative task difficulty is important for asymmetric switch cost [8] . Therefore, we checked the relative task difficulty of naming in two languages by measuring behavioral responses as an index of task diffi culty using a blocked design.
Data Analyses
For the behavioral responses, only correct trials were used for further data analysis. Trials were discarded if the response was incorrect or the reaction time was <450 ms or >1450 ms. Data of one subject were removed from analysis due to poor quality of EEG recordings.
The electroencephalogram (EEG) was recorded using the EGI System with a 128-channel electrode cap. During recording, the signal was digitized at 1 000 Hz with a bandpass of 0.1-50 Hz. The reference electrode was Cz and the impedance of each electrode was kept below 30 kΩ. Our ERP analysis was similar to that of Li et al. [20] . In particular, EEG data were fi ltered offl ine (0.1-45 Hz) and segmented using a window of −200 to 750 ms relative to the cue onset for cue-related ERPs. Trials were discarded if the behavioral response was incorrect or if the amplitude of an epoch was >100 μV. After excluding these epochs, the data were baseline-corrected using the 100-ms pre-cue-onset period. Single epochs for the L1-switch (L2→L1), L1-repeat (L1→L1), L2-switch (L1→L2), and L2-repeat (L2→L2) Furthermore, the neural switch cost for each language was analyzed using two-way (trial type × sites) repeated measures ANOVA to check the neural switching effect in each language. Follow-up analysis of activity at each site was conducted when the switch cost of a specifi c language was found in the midline or frontocentral sites. In addition, paired t-tests were run accordingly. . Therefore, we propose that the switching effect in the current study was mainly attributable to language.
RESULTS
Behavioral Results
Two
Cue-related ERP Results
The grand averages of ERPs at the midline sites are shown in Figure 3 . Two-way repeated measures ANOVA (trial type × site) for L1 and L2 was also conducted to investigate the neural switch cost of each language in these frontocentral sites.
ANOVA for L1 trials showed a signifi cant main effect of trial type 
DISCUSSION
In the current study, we investigated the neural bases of endogenous language control when switching between
Chinese and English in unbalanced Chinese-English bilinguals by measuring behavioral responses and cuerelated ERPs. Our behavioral results were consistent with other studies, in that RTs were longer in the switch condition than in the repeat condition and the switch cost of L1 was greater than that of L2 [2, [4] [5] [6] [7] . Moreover, we found a higher error rate for L1 than for L2, confi rming the fi ndings from other studies with both balanced and unbalanced bilingual speakers [6, 7] . Similar to the behavioral responses, cue-related ERPs showed higher activity in the switch condition and a greater neural switch cost of L1 was found in the frontocentral regions.
In the present study, the neural switching effect appeared as early as ~180 ms after the cue onset (P2 component). Compared to the results of Verhoef et al. [7] , who also investigated the neural bases of endogenous language control, the neural switch cost in our study appeared earlier. This might be due to the short duration of the auditory cue. Moreover, the cue-stimulus interval of 700 ms in the current study was longer than the suffi cient preparation time of 600 ms for task switching [9] and has also been proposed to be optimal for language switching [6] .
As in other studies [5, 14, [21] [22] [23] , we found that the frontocentral regions were important for language switching. P2 component showed the neural switch cost of L1 at the frontocentral regions and further showed a left-shifted distribution. It was clear that the participants were more proficient in L1 than in L2 as shown by their language experience, however, the pictures for naming had common and simple names and the participants practiced until skillful in naming these pictures in both languages.
By means of practice, the participants were able to name the pictures in Chinese and English without significant difference of RTs in the blocked design, suggesting that naming these pictures in Chinese and English had equal difficulty levels. Of course, naming the pictures in either language according to the cue could change the diffi culty level. Yet, by matching difficulty levels in the blocked design, we excluded possible reason of asymmetric switch costs caused by unequal task diffi culty levels.
Research on EEG alpha power has proposed that the left prefrontal cortex plays a greater role in approach behavior and the right prefrontal plays a greater role in inhibition [24] [25] [26] . Similarly, Lahat et al. [27] reported that Chinese-Canadian children showed a larger N2 component at left frontal sites in go-trials and at right frontal sites in no-go trials than European-Canadian children. Together with a previous EEG study, it has been suggested that the left frontal areas are important for effortful approach and the right frontal areas are important for effortful inhibition.
Therefore, the left-shifted distribution of the neural switch cost of L1 in the present study might suggest that switching back to Chinese requires more effort.
Overall, unbalanced Chinese-English bilingual speakers showed the switching effect and a greater switch cost of L1 than that of L2 in both behavioral responses and cue-related neural responses. These results suggest that the frontocentral regions play an important role in endogenous language control. Furthermore, the leftwards cortical lateralization in the frontocentral region might suggest switching back to the native language requires more effort.
